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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
TECHNICAL MEMORANDUM X-331

LOW-~-SPEED FLIGHT CHARACTERISTICS OF REENTRY VEHICLES

OF THE GLIDE-LANDING TYPE¥

By John W. Paulson, Robert E. Shanks,
and Joseph L. Johnson

SUMMARY

A low-speed investigation has been made to determine the flight
characteristics of a number of reentry vehicles of the glide-landing
type. The investigation consisted of model flight tests, static and
dynamic force tests, and analytical studies of the dynamic lateral
behavior over an angle-of-attack range from 0° to 40°.

The longitudinal characteristics for glide landings should be sat-
isfactory with the lift-drag ratios and wing loadings now being con-
sidered for reentry configurations. The lateral stability character-
istics should also be satisfactory except that many of the reentry
vehicles are likely to require a roll damper for satisfactory Dutch-roll
damping at moderate and high angles of attack. Some configurations with
wing-tip vertical talls may have control problems in the form of large
adverse ailercn yawing moments and low rudder effectiveness.

INTRODUCTION

Reference 1 coverg some of the factors involved in the final
approach and landing of reentry vehicles. The present paper gives
additional information on this subject which includes data obtained from
force tests and flight tests of models of a number of specific reentry
configurations, The first part of the paper covers longitudinal charac-
teristics, including lift-drag ratio, aerodynamic-center location, and
the effect of center-of-gravity location on longitudinal behavior. The
second part consists of a discussion of lateral stability and control.
Although it is anticipated that the reentry vehicles considered in this
paper would not normally be operated at angles of attack greater than
about 15° or 20° in the glide approach and landing, the characteristics
over a much larger angle-of-attack range are covered to provide informa-
tion that would be of interest in cases where higher angles of attack
are reached 1nadvertently.
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SYMBOLS

wing span, ft
mean aerodynamic chord, ft

1ift coefficient, Lift
as
Rolling moment

rolling-moment coefficient,
gSb

pitching-moment coefficient, Pitching moment

gdc

Yawing moment
gsSb

yawing-moment coefficient,

drag, 1lb

acceleration due to gravity, ft/sec2
moment of inertia about X-axis, slug-ft2
moment of inertia about Z-axis, slug-ft2
1ift, 1b-,

rolling velocity, radians/sec

Pl

3

dynamic pressure, 1b/sq ft; pitching velocity, radians/sec

yawing velocity, radians/sec

wing area, sq ft

time to damp to one-half amplitude, sec
free-stream velocity, ft/sec

weight, 1b

angle of attack, deg

0




B angle of sideslip, deg
. OB
P = 3¢
B, aileron deflection, deg
Br rudder deflection, deg
o angular velocity, radians/sec
Cn = g C'L = m—
B OB B oB
. ¢, =X
nSa 683, Zaa 68.
Ln c, - %n
nar abr Ny ar_'t_)_
ev
Cy. = ?El Cy = 991
B 5;13 P ek
oV 2v
o _%n o _Xn
D.P " B:E._b_ mq. B agé
2V 2v
Subscripts:
MAX maximum
DYN dynamic

RESULTS AND DISCUSSION

Longitudinal Characteristics

Presented in figure 1 1s the approximate range of the low-speed
maximum trimmed lift-drag ratio as a function of lift coefficient for
various reentry vehicles of the glide-landing type currently under
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consideration. The figure shows that some reentry vehicles can have
fairly high values of L/D, and the maximum L/D values occur at rela-
tively low 1lift coefficients of 0.2 to 0.3.

One of the reasons for the large spread in L/D values is shown in
figure 2 where maximum L/D is plotted as a function of a nondimensional
volume parameter (volume to the two-thirds power divided by wing area).
In this figure the nose of each model corresponds to its test point.

The results. shown are for trimmed conditions and a small amount of longi-
tudinal stability. This figure shows that the higher values of L/D are
associated with the winged glide-landing configurations and the lower
values of L/D are associated with the lifting-body configurations which
would have to be landed with a parachute. The data of figure 2 were
obtained at low Reynolds numbers; a few tests at higher Reynoclds numbers
have indicated that L/D values for the corresponding full-scale reentry
vehicle may be as much as 0.5 to 1.0 greater than these values. The
configurations illustrated in figure 2 were all designed for the hyper-
sonic condition and for the most part have rather low L/D values at
subsonic speeds.

Figure 3 shows that substantial increases in subsonic L/D values e
can be attained when some effort is also made to design the vehicle for
the low-speed case. The shaded area represents the region in which the
maximum L/D values for the configurations of figure 2 were located.
Boattailing the base of the half-cone and pyramid-shaped vehicles
increased the L/D values from about 1.5 to 3.8 and from about 3 to 5,
respectively. Adding control surfaces to the half-cone vehicle resulted
in a further increase to about 4.5. In the case of the winged reentry
configuration with the volume ratio of 0.25, an L/D of about 6 was
obtained when the model was modified to achieve high L/D at low speeds.
With these modifications, the model had a thick, highly cambered wing and
teardrop fuselage with a low base area. The hypersonic L/D of this
model was reduced by these changes, but the hypersonic L/D values for
the half-cone and pyramid-shaped vehicles were relatively unaffected by
boattailing. Another method for obtaining good L/D for landing is the
use of a variable-gecmetry vehicle such as the one at the top of fig-
ure 3. This configuration has wing tips that are folded up to protect
them from high heating rates during reentry at high angles of attack.

For landing, the surfaces are folded down and L/D values of about 7
are obtained.

In order to compare the L/D of some of these configurations with
those of the research airplanes discussed in reference 1, figure U4 is
presented. In this figure the values of L/D for the variable-geometry
configuration, the modified half-cone vehicle, and a winged reentry
vehicle are given along with values of L/D for the X-15 airplane and
for the modified F~102A airplane with landing gear and speed brakes
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extended. Data are shown for the low-wing-locading and high-wing-loading
cases. The modified F-102A airplane with a maximum L/D of about 3.7
and a wing loading of 35 was satisfactory in the landing approach

(ref. 1). It would appear then that the two low-wing-loading reentry
configurations would be satisfactory since they have higher values of
L/D, particularly at the lower lift coefficients, and also somewhat lower
wing loadings than the modified F-102A airplane. These low wing loadings
(in the range of 20 to 30) are typical for winged reentry vehicles. A
reentry vehicle that is essentially a lifting body, such as the half-cone
configuration, will have a much higher wing loading than a winged vehicle
having the same volume. For the higher wing-loading case, a comparison is
made with the X-15 airplane which was found to have acceptable landing
characteristics. The X-15 alrplane performs the approach and landing in
the low-lift-coefficient range (about 0.2 to 0.4). It would appear that
the half-cone configuration, which has a higher L/D in the 0.2 to 0.4
lift-coefficient range and a slightly lower wing loading than the X-15
airplane, would also have satisfactory landing characteristics.

Another low-speed characteristic of interest to the designer of a
hypersonic vehicle is the aerodynamic-center location which must, of
course, be aft of the center of gravity for longitudinal stability.
Shown in figure 5 is the variation of the aerodynamic-center location
with leading-edge sweep for thin-flat-plate delta wings. It is seen
that there is a systematic variation in aerodynamic-center position with
sweep approaching the theoretical value of 50 percent at 90° sweep.

Also shown are the aerodynamic-center locations for several reentry
vehicles as given by symbols showing their cross-sectional views. These
data indicate that a rearward (or stabilizing) shift in aerodynamic
center generally results when the wing is very thick, when a large fuse-
lage is added, or when wing-tip vertical tails are used.

Longitudinal flight characteristics obtained with a highly swept
delta-wing flying model, which is considered to be generally representa-
tive of highly swept reentry vehicles, is presented in figure 6. Plotted
in this figure are flight ratings, as shown by the shaded areas, for vari-
ous combinations of damping in pitch Cmq and static longitudinal

stability. The vertical line is the boundary between the statically
stable condition and the unstable condition, and the diagonal line
represents the calculated stick-fixed maneuver point. The maneuver
point is that center-of-gravity position where the elevator deflection
vrer g is zero. The maneuver-point line has a slope because the maneuver
point is a function of damping in pitch and moves rearward as pitch
damping is increased. The lower curve represents the model without
pitch damper. These studies showed that for all statically stable con-
ditions the model was easy to fly. As pitch damping was added, good
flight behavior could also be obtained with statically unstable condi-
tions. As the maneuver point was approached for any condition of pitch
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damping, the model became more difficult to fly and finally became unfly-

able. The flight tests also showed that when reduced elevator deflection @
was used, the model could not be flown with as much instability as shown

in figure 6; this effect indicated that, to some extent at least, the

amount of instability which could be tolerated was a function of the

total pitching moment used for control.

These model flight results are in general agreement with analog
studies (ref. 2) and with flight studies made with conventional airplanes

(ref. 3).

Lateral Characteristics

Presented in figure 7 is the variation with sweep angle of the
effective~dihedral parameter CZB, the steady-state damping-in-roll

parameter C the directional-stability parameters C and (C >
ZP 4 . nB IlB -DYN’

and the ratio of the yawing inertia to the rolling inertia IZ/IX. These

data are for thin delta wings at a 1lift coefficient of 0.6, but the ¢
trends shown are considered to be generally representative of highly

swept reentry configurations for a fairly wide lift-coefficient range.

The low values of CZP in the region of sweep angles of about 75° and

above, accompanied by large negative values of CZB, tend to produce

poor damping of the lateral or Dutch-roll oscillation; and the high ratio
of the yawing to rolling inertia means that the Dutch-roll oscillation
becomes practically a pure rolling motion about the body X-axis.

The directional-stability data show that C is low and becomes

ng
negative at the higher angles of sweep. The dynamic directional-stability
I
arameter hich i i - —Z g i
param (CnB)DYN’ which is defined as CnB CZB Ty sin a, increases
rapidly to large positive values at high sweep angles because of the
large positive increases in IZ/IX and negative increases in CzB. It

has generally been found that the (CnB pyy Peremeter is a better
criterion for directional divergence than the static stability parameter
CnB. For example, it has been found possible to fly models with large

negative values of CnB as long as (CnB)DYN remains positive. (See

ref. 4.) In general, the information obtained from figure 7 indicates .
that Dutch-roll stability problems with highly swept configurations ’

might be expected, but a directional-stability problem would probably
not occur.
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A comparison of directional stability characteristics for four
highly swept glide-landing-type reentry configurations is shown in fig-
ures 8 and 9. Figure 8 shows CnB and (CHB)DYN for a delta-wing con-

figuration having a relatively small fuselage and for a right-triangular-
pyramid configuration. Both of these configurations have posltive
values of CnB over the angle-of-attack range and very large positive

values of (CnB)DYN' Such configurations should have no directional-

stability problems. Figure 9 shows data for two reentry configurations
of another type - that is, flat-bottom configurations having a large
fuselage on top of the wing. This type of configuration generally has
static directional instability at high angles of attack but (CnB)DYN

remains positive. Flight tests of these models showed that they could

be flown without any apparent divergent tendency at angles of attack at

which CnB is negative, indicating that (CnB) is the significant
DYN

parameter in these cases.

These directional-stability parameters, however, are not the only
factors affecting the directional characteristics. Lateral-control
parameters can also be important, as shown by the data of figure 10,

The upper part of the figure shows the ratio of yawing moment to rolling
moment produced by aileron deflection Cn6 /CZ8 for the two flat-
a a

bottom configurations having a large fuselage on top of the wing. One
configuration has wing-tip vertical tails and the other configuration
has a single center vertical tail. The data show that aileron deflec-
tion produced small favorable yawing moments over most of the angle-of-
attack range for the model with the center tail but produced large
adverse yawing moments for the model with the wing-tip tails. The large
adverse alleron yawing moments are associated with the large induced
loads produced on the vertical-tail surfaces by differential deflection
of the ailerons. The plot at the bottom of the figure shows that the
rudder effectiveness Cnar remained about constant with angle of attack

for the center-tail model, but Cng decreased with increasing angle
r

of attack for the model with the wing-tip tails and became practically
zero at 40° angle of attack. At the lower angles of attack the adverse
alleron yawing moments of the model with the wing-tip tails could be
counteracted by rudder control, but at the higher angles of attack where
the rudder effectiveness had dropped off appreciably, the adverse yawing
moments produced large yawing motions and the model became uncontrol-
lable. In order to make flights at these high angles of attack for
research purposes, additional yawing control was provided in the form
of an air jet located at the tail of the model.

The damping-in-roll parameters for four reentry configurations are
shown in figure 11. These parameters weresmeasured in forced-oscillation
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tests about the body axis so that the parameter is in the form
Czp + Clé sin a. The data were obtained for a value of the reduced

frequency parameter wb/EV of 0.1 and for an amplitude of 150, The
damping in roll for the thin delta wing with small fuselage on top
decreases with increasing angle of attack and becomes unstable. This
variation is similar to that of a wing alone. The damping in roll for
the other three configurations remains stable with increasing angle of
attack.

The calculated Dutch-roll stability for the configurations of fig-
ure 11 is presented in figure 12. The reciprocal of the time to damp
to one-half amplitude is plotted against angle of attack. The configurs-
tion with the thin delta wing has negative Dutch-roll damping in the
higher angle-of-attack range while the other three configurations remain
stable over the angle-of-attack range. In model flight tests of these
configurations, only the variable-geometry configuration was found to
have satisfactory Dutch-roll stability without artificial stabilization
over the angle-of-attack test range. For the other three configurations
the damping was satisfactory at low angles of attack but decreased to
unsatisfactory values as the angle of attack increased. At the higher
angles of attack, the thin-delta-wing model was found to be unstable as
predicted by the calculations. The flat-bottom configuration having a
large fuselage on top of the wing was found to be slightly unstable
rather than stable. Artificial stabilization was required at angles of
attack above 15° for the thin-delta-wing model and above 25° for the
other two models.

In order to provide artificial stabilization in the model flight
tests, a roll damper has been used in most cases. Figure 13 shows the
relative effect of roll and yaw dampers for reentry configurations of
the type illustrated in the figure. The reciprocal of the calculated
time to damp to cne-half amplitude is plotted against values of the
damping-in-roll derivative CZP, the damping-in-yaw derivative Cnr’

and the cross derivative Cnp: yawing moment due to rolling velocity.
These results show that an increase in ‘Clp produced a large increase
in the damping of the Dutch-roll oscillation whereas an increase in —Cnr

produced only a very small increment of damping. Another point of
interest here is that the derivative C,_ also has a large effect on

the damping. This effect can be signifibant in cases where the allerons
used for roll damping produce large yawing moments. In such cases the
damper will produce Cnp as well as CZP, and the Cnp contribution

will be stabilizing when the yawing moments are adverse and destabilizing
when the yawing moments are favorable.
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CONCLUDING REMARKS

It appears that on the basis of the lift-drag ratios and wing
loadings now being considered for reentry configurations, the longitudi-
nal characteristics for glide landings should be satisfactory. As for
lateral stability, it appears that there should be no directional
divergence problems for the reentry types now under study, but many of
the configurations are likely to require a roll damper for satisfactory
Duteh-roll damping at moderate and high angles of attack. Some configu-
rations with wing-tip vertical tails may have control problems in the
form of large adverse aileron yawing moments and low rudder effectiveness.

Although all of the reentry configurations studied to date have low-
speed stability and control problems, most of the configurations could
probably be developed into reentry vehicles capable of performing satis-
factory glide landings.

langley Research Center,
National Aercnautics and Space Administration,
Langley Field, Va., April 12, 1960.
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CONFIGURATIONS DESIGNED FOR HIGHER LIFT-DRAG RATIO
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DAMPING-IN-ROLL PARAMETER
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EFFECT OF Clp, Cnp’ AND Cp, ON
CALCULATED DUTCH-ROLL STABILITY
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